A defining histopathologic feature of Taylor-type cortical dysplasia (CD) is the presence of cytomegalic neurons and balloon cells. Most cytomegalic neurons appear to be pyramidal-shaped and glutamatergic. The present study demonstrates the presence of cytomegalic GABAergic interneurons in a subset of pediatric patients with severe CD. Cortical tissue samples from children with mild, severe, and non-CD pathologies were examined using morphologic and electrophysiologic techniques. By using in vitro slices, cytomegalic cells with characteristics consistent with interneurons were found in 6 of 10 patients with severe CD. Biocytin labeling demonstrated that cytomegalic interneurons had more dendrites than normal-appearing interneurons. Whole-cell patch clamp recordings showed that cytomegalic interneurons had increased membrane capacitance and time constant compared with normal-appearing interneurons. They also displayed signs of cellular hyperexcitability, evidenced by increased firing rates, decreased action potential inactivation, and the occurrence of spontaneous membrane depolarizations. Single-cell reverse transcription-polymerase chain reaction and immunohistochemistry for GABAergic markers provided further evidence that these cells were probably cytomegalic interneurons. The pathophysiologic significance of GABAergic cytomegalic interneurons in severe CD tissue is unknown, but they could inhibit glutamatergic cytomegalic pyramidal neurons, or contribute to the synchronization of neuronal networks and the propagation of ictal activity in a subset of pediatric patients with severe CD.
INTRODUCTION
Cortical dysplasia (CD) is the most common substrate in pediatric patients undergoing surgery for pharmacoresistant epilepsy (1Y4). The histopathologic features of CD include cortical dyslamination, ectopic cells in the white matter and, in severe cases, the presence of cytomegalic neurons and balloon cells (5) . Cytomegalic neurons are unusually large, mostly pyramidal-shaped cells, scattered throughout all but the first cortical layer. Balloon cells, by comparison, are malformed cells of uncertain but probably glial origin, with large, sometimes multiple nuclei surrounded by opalescent pseudopodic cytoplasm (5) . Cytomegalic neurons and balloon cells have been the subject of several studies (2, 6) , but their functional properties are just beginning to be elucidated (7) .
Our laboratory characterized the morphologic and electrophysiologic features of cytomegalic pyramidal neurons and balloon cells in pediatric CD tissue (7Y12). Most cytomegalic neurons were pyramidal-shaped cells with abnormal intrinsic membrane properties and signs of hyperexcitability manifested by increased calcium conductances (10) , supporting the idea that cytomegalic neurons could contribute to the amplification and spread of epileptic discharges (7, 11Y13) . Balloon cells had mostly glial features and were unable to generate inward currents, suggesting a minor role in CD epileptogenesis (7, 9, 10, 13) .
Initially, we thought that cytomegalic neurons were only pyramidal. However, as more cases were examined, we found large neurons with characteristics consistent with cytomegalic interneurons. This finding may be important because, although the number of interneurons is relatively low in the cerebral cortex, they play a critical role in synaptic transmission and can significantly alter the output of pyramidal neurons (14, 15) .
MATERIALS AND METHODS

Presurgery Evaluation
Cerebral cortical tissue was obtained from patients with intractable epilepsy operated on at the University of California Los Angeles Pediatric Epilepsy Surgery Program from 1997 to 2005, who had either CD or non-CD pathologies (3) . Informed consent was obtained to use clinical data for research purposes, and all procedures were approved by the institutional review board. Presurgery evaluation included scalp electroencephalogram, magnetic 
Selection of Neocortical Sample Sites for Research Study
Neocortical sample sites were removed for in vitro electrophysiologic and anatomical evaluation based on abnormal neuroimaging and electrocorticography results as previously described (9, 11, 13) . Tissue samples were classified as most abnormal or least abnormal, and, when possible, 2 sample sites were obtained from each patient (7, 10) . Most abnormal sample sites were regions showing the most abnormal cortical gyri on magnetic resonance imaging, the greatest interictal hypometabolism on [ 18 F]fluoro-2-deoxyglucose positron emission tomography, and the most abnormal electrocorticogram. Based on histopathologic criteria, CD cases were further classified as severe or mild using previously published criteria (16) . Severe CD cases contained cytomegalic neurons and/or balloon cells and would correspond to types IIA and IIB in the Palmini classification system (17) .
In Vitro Electrophysiologic Recordings and Biocytin Labeling
Immediately after resection, tissue samples were placed in cold oxygenated artificial cerebrospinal fluid. Within 5 to 10 minutes, slices (350 Km) were cut and placed in artificial cerebrospinal fluid for at least 1 hour before recording. Cells were visualized using differential interference contrast optics as previously detailed (7, 9Y12) . Cells with round, ovoid, or fusiform somata under differential interference contrast optics were suspected to be interneurons and were selected for electrophysiology. Final morphologic identification was deferred until after biocytin processing when labeled cells were examined by a neuroanatomist (R. S. Fisher), without foreknowledge of the pathology group from which the cell was obtained, and classified as normal or cytomegalic pyramidal, interneuron, or balloon, based on somatic size and shape, dendritic fields, and axonal processes. An interneuron was classified as cytomegalic when the somatic area was at least twice as large as the average for normal-appearing interneurons from mild CD or non-CD tissue.
Electrophysiologic properties were examined with patch electrodes filled with cesium methanesulfonate or potassium gluconate for voltage and current clamp recordings as published previously (10Y13). Electrodes also contained 0.2% biocytin (Sigma, St. Louis, MO) in the internal solution to label visualized cells. The access resistances ranged from 8 to 20 M6 and liquid junction potentials (~3 mV) were not corrected. Cellular passive membrane properties were determined in the voltage-clamp mode by applying a depolarizing step voltage command (10 mV) and using the membrane test function integrated in the pClamp (version 8) software (Axon Instruments, Foster City, CA). After the experiment, the slice was processed according to published protocols (18) . A digital picture of the cell was taken, and the somatic surface area was calculated by tracing the perimeter of the soma using the Simple PCI software (Compix, Inc., Tualatin, OR). The values for diameter, perimeter, and area were included in the data analysis. The number of primary dendrites, as well as the number of spines Cyto; cytomegalic; DNET, dysembryoplastic neuroepithelial tumor; HME, hemimegalencephaly; Inter, interneuron; Pyr; pyramidal; TSC, tuberous sclerosis complex.
present within 30 Km of a distal dendrite (usually a thirdorder branch) were determined manually using an oil immersion lens (100Â). Standard Sholl analysis was used to estimate the density of dendritic arbors in normal and cytomegalic interneurons (19) . Concentric circles (20-Km radius from the center of the soma) were drawn on digitized images of the biocytin-filled cells (40Â), and the number of circumference intersections was determined for each sector.
Acute Neuron Dissociation and Cell Harvesting for Reverse Transcription-Polymerase Chain Reaction
Cortical slices were used for acute dissociation to confirm that cytomegalic interneurons expressed GABAergic markers as described previously (12) . Polymerase chain reaction (PCR) was performed using the following primers To differentiate cDNA from genomic DNA, primer positions were chosen on 2 different exons spanning introns. Every cell was tested for NSE, GAD, and VGLUT. On cells for which PCR for NSE was positive, part of the reaction was used to amplify cDNAs for GAD 65 and GAD 67 , whereas the rest of the reaction was used to amplify cDNAs for VGLUT1 and VGLUT2. The PCR reaction was performed on 5 to 8 Kl of cell content in a total volume of 20 Kl containing Hotstart Taq polymerase master mix (2.5 U of polymerase; 1. To test the efficiency of the PCR protocol, total RNA (90 pg) extracted from human neocortex was run with each PCR as a positive control. A negative control (cell content for which the reverse transcriptase was omitted in the reverse transcription [RT] reaction) was also run to ensure that primers were specific for amplification of cDNA from RNA, not from DNA. 
Immunohistochemistry
Details on the immunohistochemical methods used for GAD and calcium-binding proteins have been published previously (20) . Cryostat sections (30 Km) were incubated overnight at 4-C with primary antibodies against GAD (1:2000, AB5992; Chemicon, Temecula, CA) and the calcium-binding proteins, calbindin (CB) (1:3000, AB1778; Chemicon), parvalbumin (PV) (1:10000, AB9312; Chemicon), and calretinin (CR) (1:10000, AB5054; Chemicon). Cell soma surface area was determined by tracing the perimeter of the soma and using Image Pro Plus software (JKN Electronics, Bellingham, MA) to calculate the area.
Data Analysis
Data were analyzed using StatView 5 (SAS Institute, Inc., Cary, NC). Differences between cell types were statistically compared using an analysis of variance (ANOVA) and further compared between individual subgroups using Bonferroni post hoc tests. The Mann-Whitney rank-sum test was used to compare firing rates between groups of interneurons. Results were considered statistically significantly different if p G 0.05. Data are presented as means T SEM.
RESULTS
Patient Cohort
Data from in vitro slices were obtained from 18 cases (aged 0.2Y10.2 years) ( Table 1 ). Most were CD cases (n = 14; 4 with mild and 10 with severe CD), and the remainder were non-CD cases (n = 4; 3 with Rasmussen encephalitis and 1 with a tumor). Single-cell RT-PCR was performed on tissue from 9 patients (aged 0.3Y8.5 years; 3 mild CD, 4 severe CD, and 2 non-CD cases). Electrophysiologic data were also provided for 5 of those cases. A parallel immunohistochemical study for GAD and calcium-binding proteins was performed on tissue from 24 patients (aged 0.19Y12.4 years; 6 non-CD, 7 mild CD, and 11 severe CD cases, Table 2 ). Six of these patients overlapped with the population in which electrophysiologic recordings were obtained.
Interneuron Cell Morphology
From the 18 cases used for in vitro electrophysiology, 208 cells were recorded. Successful biocytin labeling was obtained in 133 cells. Of these, 36 were classified as interneurons (28 normal-appearing and 8 cytomegalic), 6 as balloon cells, 15 as cytomegalic pyramidal neurons, and 76 as normal-sized pyramidal neurons (Table 1) . Of the 36 interneurons, 8 were found in non-CD, 4 in mild CD, and 24 in severe CD cases. They occurred in the frontal (n = 17), temporal (n = 12), parietal (n = 6), and occipital (n = 1) regions. Balloon cells were distinguished from interneurons by their inability to generate action potentials and lack of an axon (7, 10).
Normal-appearing interneurons from non-CD cases (Fig. 1A) had round, fusiform, or multipolar somatic shapes. The average somatic area was 181 T 19 Km 2 (n = 8), and there were usually 4 to 5 primary dendrites. The dendritic field was generally spherical. Two cells were aspiny and the rest were sparsely spiny. Sparsely spiny interneurons had an average of 7 T 2 spines/30 Km, which is less than half the number of spines found in normal-appearing pyramidal neurons in our pediatric CD population (16 T 2, p G 0.05, t-test). Normal-appearing interneurons from mild CD cases (Fig. 1B) were nearly identical to those from non-CD cases. Average somatic area was 184 T 23 Km 2 (n = 4). Three cells were aspiny or sparsely spiny, and 1 was spiny. Normalappearing interneurons from severe CD cases (Fig. 1C) had morphologic features similar to those from mild and non-CD cases, but they had an average somatic area of 246 T 21 Km 2 (n = 16). Thirteen cells were classified as aspiny or sparsely spiny and 3 were spiny. Normal-appearing interneurons from severe CD cases had 5 to 6 primary dendrites and 8 T 2 spines/30 Km.
Cytomegalic interneurons in slices were identified in the most abnormal areas of 6 of 10 severe CD cases (aged 2.3 T 2 years, range 0.2Y10.2 years). They were most frequently found in children with hemimegalencephaly and were clearly distinct from normal and cytomegalic pyramidal neurons as they lacked an apical dendrite (Fig. 1) . Cytomegalic interneurons were sampled from the frontal (n = 6) and temporal (n = 2) areas and had an average somatic area of 551 T 29 Km 2 (n = 8), which was significantly larger than that of normal-appearing interneurons from mild and non-CD cases (p G 0.001) ( Fig. 2A) , but similar to that of cytomegalic pyramidal neurons (507 T 28 Km 2 , n = 10) (10). Six cytomegalic interneurons were aspiny or sparsely spiny and 2 were spiny. The number of primary dendrites (8, 9) in cytomegalic interneurons was significantly increased compared with that in normal interneurons from non-CD (p G 0.006) and CD (p G 0.033) cases (ANOVA, followed by Bonferroni t-test). Dendritic spines (average 13 T 3/30 Km) were more abundant than in normalappearing interneurons (8 T 2 spines), but the difference was not statistically significant (p = 0.8). A Sholl analysis of the biocytin-filled cells (n = 36) confirmed that the complexity of the dendritic field was highest in cytomegalic interneurons compared with normal-appearing interneurons from mild and non-CD cases (Fig. 2B) . Statistically significant increases in branch intersections occurred mainly in second and higher branch orders among groups (p G 0.05 between cytomegalic and all other groups).
Electrophysiology of Normal and Cytomegalic Interneurons
Cortical interneurons have unique electrophysiologic properties that distinguish them from pyramidal neurons (21Y24). On the basis of biocytin labeling, the majority of interneurons appeared to be multipolar basket cells. Normalappearing interneurons from mild CD and non-CD cases had smaller membrane capacitance, a shorter time constant, and higher input resistance compared with pyramidal neurons (Table 3 ). In contrast, normal and cytomegalic interneurons from severe CD cases had membrane properties closer to those described for cytomegalic pyramidal neurons (10) , that is, large membrane capacitance, low input resistance, and long time constant. These differences were statistically significant between cytomegalic interneurons from severe CD cases compared with normal-appearing interneurons from mild CD and non-CD groups (p G 0.01 to 0.001).
A distinctive feature of normal and cytomegalic pyramidal neurons is the presence of large inward calcium currents in response to a series of depolarizing voltage commands (10) . In contrast, we noticed that calcium currents were absent or negligible in normal or cytomegalic interneurons (not shown). Normal cortical interneurons are However, the resting membrane potential value of cytomegalic interneurons was more depolarized than that reported previously for cytomegalic pyramidal neurons (Y71.1 T 4 mV [7] ).
Other markers of interneuronal phenotype are the action potential properties and firing patterns (21Y24). Action potentials generated by cytomegalic interneurons showed no statistically significant differences in amplitudes (p = 0.208), half-amplitude durations (p = 0.197), and decay times (p = 0.221) compared with those of normal-appearing interneurons and pyramidal neurons (1-way ANOVA, Fig. 3) . However, the overall kinetics of action potentials generated by normal and cytomegalic interneurons appeared faster than those of normal pyramidal neurons. Normal interneurons also had reduced rise times compared with normal pyramidal neurons (p G 0.025). In contrast to the kinetic properties, both normal and cytomegalic interneurons had significantly larger afterhyperpolarization amplitudes (p G 0.001) compared with normal pyramidal neurons (Fig. 3B) .
Proper cell identification was further confirmed by the distinctive firing patterns of cortical interneurons. Although these patterns can be very diverse (15), 3 general categories are accepted and include the fast-spiking, the low-threshold or burst spiking, and the regular-spiking interneurons. In a previous study using cortical slices from pediatric epilepsy patients, all interneurons were found to be fast-spiking (22) . In our population, most normal-appearing and cytomegalic interneurons fired fast, repetitive action potentials with no or weak adaptation, either spontaneously or in response to depolarizing current injection and were considered fastspiking interneurons, which is consistent with their predominantly basket cell morphology. Putative regular-spiking interneurons were also found, but their frequency of occurrence did not differ significantly among cytomegalic (n = 2), severe (n = 3) and mild CD, or non-CD groups (n = 3, p = 0.7, W 2 ). The average firing rate evoked by depolarizing pulses in the combined fast-and regularspiking interneurons was higher in cytomegalic interneurons (73 T 13 Hz, n = 7) compared with normal interneurons from severe CD (56 T 11 Hz, n = 7) and mild or non-CD cases (41 T 6 Hz, n = 7; p = 0.038). Only 2 of 36 interneurons (1 cytomegalic and 1 normal-appearing) did not fire repetitive action potentials but discharged in bursts.
Cytomegalic interneurons demonstrated signs of hyperexcitability compared with normal-appearing interneurons. Most cytomegalic interneurons displayed noninactivating action potentials when a ramp voltage command (from Y90 to 50 mV) was applied. Figure 4 shows 2 interneurons recorded in the same slice from a case of severe CD (0.63 year, frontal area). The traces show similar voltage deflections evoked by hyperpolarizing and depolarizing current pulses in the 2 cells. In voltage-clamp mode, a depolarizing ramp voltage command induced few action potentials in the normal-appearing interneuron, whereas in the cytomegalic neuron the same voltage command induced repetitive Na + spikes throughout the duration of the ramp, suggesting the presence of noninactivating Na + currents (Fig. 4C ). Additionally, some cytomegalic interneurons (2 of 4 recorded with potassium gluconate in current clamp mode) displayed spontaneous membrane depolarizations reminiscent of paroxysmal depolarizing shifts (Fig. 5) . The camera lucida reconstruction shows a cytomegalic interneuron with abundant, tortuous dendritic processes almost completely devoid of spines. It was recorded in a slice from the frontal region of a severe CD case (0.86 year). This cell generated bursts of action potentials when depolarized by current pulses. With continuous positive current injection these bursts were very rhythmic (Fig. 5B) . The same cell displayed spontaneous membrane depolarizations at rest and some of these depolarizations reached the threshold for action potential generation (Fig. 5C ). These depolarizations were not observed in normal interneurons or in normal or cytomegalic pyramidal neurons.
Reverse Transcription-Polymerase Chain Reaction in Dissociated Cells
Further demonstration of cytomegalic interneurons in severe CD was obtained using single-cell RT-PCR for NSE, GAD, and VGLUT in dissociated single cells. Thirty-six cells from 2 non-CD (6.3 T 3.1 years), 3 mild CD (1.8 T 0.5 years), and 4 severe CD cases (0.4 T 0.1 years) were tested for the presence of NSE, GAD 65 , GAD 67 , VGLUT1, and VGLUT2 mRNA (Fig. 6) . Morphologically, 27 cells from non-CD and CD cases were classified as normal-appearing pyramidal cells and they expressed NSE, VGLUT1 or VGLUT2, or both mRNAs but never expressed GAD 65 or GAD 67 . Five cells were classified as normal-appearing interneurons (2 were bipolar and 3 were multipolar) and they expressed NSE, GAD 65 , and GAD 67 mRNAs but not VGLUT1 or VGLUT2. Four cells from 2 severe CD cases were larger than 25 Km and were classified as cytomegalic interneurons. All expressed NSE, GAD 65 , and GAD 67 , and 3 of them also expressed VGLUT1 and VGLUT2, suggesting that cytomegalic interneurons may coexpress GABAergic and glutamatergic markers.
Immunohistochemistry
Immunostaining for GAD and calcium-binding proteins was performed on frontal and temporal samples from 6 non-CD, 7 mild CD, and 11 severe CD cases. Cytomegaliclike interneurons labeled with antibodies against GAD and calcium-binding proteins were found in 8 severe CD cases (1.1 T 0.5 years, range 0.4Y3.2 years). They were not observed in samples from mild CD or non-CD cases. Cytomegalic interneurons were located throughout the cortical mantle but were observed more frequently in layers IVYVI and were always found in regions that also contained cytomegalic pyramidal neurons (Fig. 7) .
In frontal cortex from mild CD and non-CD cases, CBpositive cells were found mostly in layers IIYIII, whereas layer IV was almost devoid of cell staining (Fig. 8A) . Layers VYVI contained only a few CB-labeled cells. CB-positive cells were usually small bipolar or multipolar cells (10Y15 Km diameter; average surface area 165 T 8 Km 2 , n = 152) (Fig. 8G) . In severe CD, layer II was relatively well preserved and contained CB-labeled cells that looked normal in size. However, abnormally large cells (925 Km) interspersed with normal-looking cells were seen in layers IVYVI (Fig.  8D ) and very rarely in layer I and in the white matter (23 of 69 CB-labeled cells). The somatic area of cytomegalic cells was significantly larger than that of normal interneurons Copyright @ 200 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited. from non-CD or mild CD tissue (967 T 101 Km 2 , n = 23; p G 0.0001, ANOVA followed by Fisher's protected least significant difference). They were bipolar or multipolar and some had very complex dendritic arbors (Fig. 8J) .
PV-labeled cells in mild CD and non-CD cases were mostly located in layers IIYIII (Fig. 8B) . Other layers contained only a few PV-labeled cells. PV also had puncta-like staining surrounding the axonal initial segment of pyramidal cells and forming chandelier-like terminals, especially in layers IIYIII. PV-positive cells were usually small (10Y15-Km diameter, area 200 T 10 Km 2 , n = 95) bipolar or multipolar cells (Fig. 8H ). Bitufted and double bouquet cells were also found (not shown). Severe CD cases often showed a partial loss of PV-positive cells in layers IIYIII, as well as a loss of dendrite and chandelier-like terminal staining. Cytomegalic cells along with normal-looking cells labeled for PV were found in deeper layers (IIIYVI) and occasionally in layer II and white matter but not in layer I (Fig. 8E) . This distribution was different from that of PVpositive cells in mild and non-CD tissue, where cells were localized in layers II and III. The somatic area of cytomegalic PV-positive cells (11 of 30 labeled cells) was significantly larger than that of PV-positive cells from non-CD and mild CD tissue (749 T 84 Km 2 , n = 11; p G 0.0001, ANOVA followed by Fisher's protected least significant difference). They were bipolar, bitufted, and, occasionally, multipolar cells (Fig. 8K) . Somatic measurements in tissue samples used for immunohistochemistry yielded areas larger than those with biocytin labeling. This could be due to cell shrinkage (~30%) in slices used for electrophysiology caused by longer fixation times or by cell dialysis due to the whole-cell recording configuration.
CR-labeled cells in non-CD, mild CD, and severe CD cases had a distribution very similar to that of CB-positive cells and were mostly bipolar (Fig. 8C, I ). In severe CD cases, CR-positive cells in layer II were well preserved, although regions that were very disorganized and contained cytomegalic pyramidal neurons could show absence of staining for CR cells. We did not find any hypertrophic cells labeled for CR in any severe CD case. Interestingly, the surface area of CR-positive cells from non-CD cases (133 T 8 Km 2 , n = 23) was larger than that from mild CD (112 T 7 Km 2 , n = 19) and severe CD cases (94 T 6 Km 2 , n = 83). The difference was statistically significant between non-CD and severe CD groups (p = 0.003, ANOVA).
It is difficult to know the relative frequency of cytomegalic PV-and CB-positive interneurons because of the great variability among patients and brain regions. However, we estimated the percentage of PV-and CBpositive cytomegalic compared with normal-appearing interneurons on the sections used to measure cell somata. In layers IIYIII from non-CD and mild CD cases, none of the PV/CB neurons (n = 151) was cytomegalic, whereas 14% (n = 55) were cytomegalic in severe CD cases. In layers VYVI, non-CD and mild CD tissue showed no cytomegalic neurons (n = 53), but in severe CD tissue, 67% (n = 37) of the PV/CB-positive neurons were cytomegalic.
DISCUSSION
This study provides converging evidence for the presence of cytomegalic interneurons in tissue from young epilepsy surgery patients with severe CD. These abnormally FIGURE 8 . Immunostaining for calbindin (CB) (A, D, G, J), parvalbumin (PV) (B, E, H, K), and calretinin (CR) (C, F, I, L). In the upper panels, pictures were taken at low magnification to capture layers IYVI of the frontal cortex from a 10.0-year-old noncortical dysplasia (CD) patient (AYC) and a 3.26-year-old severe CD patient (DYF). Note that there are few labeled cells in layers IVYVI in the non-CD patient, whereas in the CD patient, hypertrophic cells labeled for CB and PV are present in layers IVYVI. In the lower panel, pictures were taken at higher magnification in layer IIYIII of the frontal cortex from a 10.0-year-old non-CD patient (G, H, I) and a 0.76-year-old severe CD patient (J, K, L). In the non-CD patient, small bipolar and multipolar cells were labeled for CB, PV, and CR. In the severe CD patient, hypertrophic multipolar cells showing elaborate dendritic arbors were labeled for CB and PV and were present in layers IVYVI primarily. In the same region from this severe CD patient, only small cells were labeled for CR (L). large interneurons were not seen in patients with mild CD or non-CD pathologies and were shown to contain GAD by immunohistochemistry and single-cell RT-PCR. They were found in the most affected areas, particularly in patients with hemimegalencephaly. Electrophysiologic recordings from cytomegalic interneurons revealed increased membrane capacitance, reduced input resistance and longer time constants compared to normal-appearing interneurons from mild CD or non-CD cases. Although these membrane properties are similar to those of cytomegalic pyramidal neurons, the action potential and firing properties of cytomegalic interneurons provided additional evidence for their interneuronal phenotype. Finally, some cytomegalic interneurons displayed signs of hyperexcitability as demonstrated by the occurrence of noninactivating Na + spikes and spontaneous membrane depolarizations.
The most common types of cortical interneurons are large and small basket cells, bipolar, bitufted, double bouquet, Cajal-Retzius, chandelier, Martinotti, and neurogliaform (15, 25) . For the most part these neurons are GABAergic and express calcium-binding proteins and peptides. The majority of interneurons we recorded, including the cytomegalic interneurons, appeared to be multipolar basket or bipolar cells. However, due to the incomplete labeling of axonal processes, further classification was not feasible. Although interneurons represent only a small portion of cortical neurons, they exert a critical role in the control of pyramidal cell output and in the modulation of epileptic discharges. Decreases in GABAergic interneurons and neurotransmission have been reported in animal models of cortical malformations (26Y28) and GABAergic deficits have been suggested as a possible mechanism of epilepsy in adult CD tissue (2, 29Y32). In contrast, our electrophysiologic recordings in pediatric CD tissue indicate that GABA synaptic activity is not reduced (11) . Thus, decreases in the total number of GABAergic cells do not necessarily mean a reduction in GABA receptor-mediated neurotransmission, and our data would suggest that cytomegalic interneurons could help preserve GABAergic functions in pediatric CD tissue.
Cytomegalic interneurons demonstrated signs of hyperexcitability, the most prominent being an increase in firing rates compared with those of normal interneurons. Although the average frequencies reported here are not very high, we have to consider that firing rates were calculated at just above threshold and thus do not reflect the maximal frequency. At higher stimulation intensities some interneurons could reach frequencies greater than 100 Hz, consistent with human and animal studies (21, 22) . Some cytomegalic cells also showed decreased Na + spike inactivation. This could be the result of increased Na + channel availability. For example, defective channel inactivation is associated with several diseases of cellular excitability including temporal lobe epilepsy (33Y36). Another sign of hyperexcitability was the presence of spontaneous membrane depolarizations in 2 cytomegalic interneurons. This finding is important because in slices from epileptic patients, it is very difficult to record epileptiform activity unless proconvulsant drugs are applied (37Y40). Increased firing rates, the presence of noninactivating Na + spikes, and spontaneous membrane depolarizations should maintain or increase the GABAergic tone in areas where cytomegalic interneurons are present.
It is important to realize that during development GABA is the earliest neurotransmitter used for synaptic signaling and that in many cases it plays an excitatory role (41, 42) . Thus, an increased GABAergic tone does not necessarily imply increased inhibition. Furthermore, the RT-PCR results showed that some cytomegalic interneurons may express both GAD and VGLUT mRNAs, raising the possibility that some cytomegalic interneurons may release both GABA and glutamate. The existence of neurons capable of synthesizing both neurotransmitters is not new, and studies have shown that this is relatively common in neurons from immature brains (43, 44) . Alternatively, the presence of GABA and glutamatergic markers may signify heightened glutamate demand for GABA synthesis (45) . Is expression of VGLUT in GABAergic neurons a sign of immaturity or lack of cell fate determination? The fact that none of the pyramidal neurons expressed GABAergic markers, in conjunction with the finding that the membrane properties of cytomegalic interneurons were more interneuronal-than pyramidal-like, makes us think that these cells are differentiated but may retain dysmature features (13) .
What is the origin of cytomegalic interneurons in severe CD tissue? One possibility is that these cells are a Bnormal[ constituent of the subplate during cortical development but did not undergo programmed cell death (46) . Another possibility is that normal interneurons became enlarged because of the epileptic activity. However, this explanation is unlikely as recurrent seizures also occur in mild CD and non-CD cases without the presence of cytomegaly, suggesting that abnormalities in synaptic connectivity in CD also contribute to epileptogenesis (11, 13) . Finally, alterations in the mammalian target of rapamycin pathway, which controls cell growth, could also explain the presence of cytomegalic interneurons (47Y49). In the present study, cytomegalic interneurons specifically labeled for GAD, CB, and PV but not for CR. This observation is important because it may provide additional clues about the origin of cytomegalic interneurons. In rodents, PV-and CBexpressing interneurons originate primarily within the medial ganglionic eminence, whereas the CR-expressing interneurons derive from the caudal and lateral ganglionic eminence (50, 51) .
Cytomegalic neurons and balloon cells have been particularly difficult to replicate in animal models (52) . However, in a rodent model of CD, hypertrophic basket cells were observed (53) , and in the flathead rat mutant, which develops spontaneous seizures and displays cortical abnormalities, the number of interneurons is greatly reduced but their somata and dendritic arbors are greatly hypertrophied (54) , similar to those in the present study in pediatric CD tissue. Interestingly, in contrast to human CD, no cytomegalic pyramidal neurons are found in this model. Further, the flathead mutation induces hypertrophy in CR-, CB-and PV-positive interneurons, whereas in our study CR-positive interneurons did not seem to be affected.
What could be the pathophysiologic significance of cytomegalic interneurons in pediatric severe CD tissue? We can think of 2 possible roles. First, if epileptic activity is produced by excessive excitation, cytomegalic interneurons could function to dampen this excitation, particularly in regions where cytomegalic pyramidal neurons are also found. Second, it has been suggested that GABA can participate in cortical synchronization and the generation of epileptic discharges (55) . In fact, the abnormal PV-positive basket formations around cytomegalic pyramidal neurons have been proposed to be responsible for depolarizing GABA-mediated responses in CD (2) . If this is the case, cytomegalic interneurons, which may have the capacity of extensive innervation, could play a role in cortical synchronization. This would support findings that the areas with the most severe morphologic abnormality by magnetic resonance imaging display rhythmic slow electroencephalogram activity (11) .
